Phthalate administration to male rats has been shown to negatively impact neural development while development of the female rat brain is less affected. Because a number of exogenous agents have been shown to interfere with dopamine function, we evaluated post-adolescent behavioral (operant conditioning for food reward and locomotor activity), histological (tyrosine hydroxylase; TH), and genetic (mRNA levels) outcomes of preadolescent (postnatal days [PND] 16-22) phthalate exposure. Male and female Long-Evans rats were administered 4 doses (0, 1, 10, or 20 mg/kg) of di-(2-ethylhexyl)phthalate (DEHP) i.p. from PND16 to 22. Rats were trained on an operant task to bar press for chocolate-flavored pellets from PND55-63 then euthanized on PND78. The 10 mg/kg DEHP dose was associated with elevated bar pressing for food reward during acquisition and extinction while the 20 mg/kg dose was associated with elevated locomotor activity in both males and females. Stereological analysis revealed reduced THþ densities in the SNc in DEHP-(10 and 20 mg/kg) treated male and female rats. In the VTA, THþ staining was reduced in male rats treated with 10 or 20 mg/kg DEHP while in females, the TH: CV ratio was higher at the 10 mg/kg dose compared with controls. An examination of Th mRNA showed a main effect of sex with females showing increased Th expression at all DEHP doses. The present results show that preadolescent phthalate exposure results in detrimental dopaminergic system development impacting neurobehavioral function in post-adolescent rats.
showing higher urinary concentrations of phthalate metabolites than the maximum concentration measured in adults (Koch et al., 2003 (Koch et al., , 2004a (Koch et al., ,b, 2005a (Koch et al., ,b, 2006 . Animal toxicity studies have indicated that exposure to DEHP early in life results in severe developmental disorders in male reproductive organs, including defects in the external genitalia, undescended testes, and testicular lesions (see Lyche et al., 2009; Swan, 2008 for review) . Male lab animals also show a permanent feminization of the reproductive system, including the retention of nipples and decreased anogenital distance (the distance between the anus and the genitals; Foster, 2006) . Reduced anogential distance has also been observed in humans, with an inverse relationship between maternal phthalate metabolite levels and anogential distance in male infants (Swan et al., 2005) . There has also been concern over the potential effects of phthalate exposure on neural development (see Holahan and Smith, 2015) .
A number of environmental agents, including organophosphates, organochlorine pesticides, polychlorinated biphenyls (PCBs) (Jurewicz et al., 2013) have been shown to produce detrimental effects on neural development (Vester and Caudle, 2016) , particularly the dopamine system (Moretto and Colosio, 2013) . Evidence is also mounting that phthalate exposure may alter dopamine function. In vitro exposure of PC12 cells to mono-(2-ethylhexyl) phthalate (MEHP), the active metabolite of DEHP, down-regulated tyrosine hydroxylase (Th) mRNA levels (Chen et al., 2011) . In vivo exposure to dicyclohexylphthalate (DCP; 330.42 g/mol) was associated with hyperactivity in rats and a down-regulation of the dopamine D4 receptor gene and the dopamine transporter (DAT) in the midbrain (Ishido et al., 2004) . In utero (gestational days 8-17) and neonatal exposure to DEHP reduced TH-positive neurons in the ventral tegmental area (VTA; A10) 4 weeks after exposure and in the substantia nigra pars compacta (SNc; A9) 6 weeks after exposure (Tanida et al., 2009) . Pubertal (PND28-42) exposure to DEHP down-regulated dopamine D2 receptor density in the striatum (Wang et al., 2016) .
We have reported that male, but not female, rats injected (i.p.) with 10 mg/kg DEHP from PND16-22 (equivalent to 2-6 years old in humans with respect to key brain developmental milestones; Semple et al., 2013) showed reduced mossy fiber axonal innervation of the CA3 region within the dorsal hippocampus and a reduction in spine density on CA3 pyramidal neuron dendrites (Smith and Holahan, 2014 ). The dopamine system shows a protracted developmental time course that spans this postnatal period (Choong and Shen, 2004; Kalsbeek et al., 1988; Tepper et al., 1990; Voorn et al., 1988; Wang and Pitts, 1994) and stimulation of the CA3 region of the dorsal hippocampus results in increased firing rates of dopamine cells in the VTA (Luo et al., 2011) . As such, we sought to determine if phthalate (DEHP) exposure during this preadolescent period (PND16-22) would have any effect on (1) a rewarded operant acquisition and extinction procedure, (2) TH staining in the VTA and SNc, or (3) mRNA expression of genes associated with TH integrity and apoptosis. We hypothesized that preadolescent DEHP administration would produce a dose-dependent reduction in TH staining and associated transcriptional marker activity in the VTA and SNc. This effect was also hypothesized to have a greater effect in males than females. Three behavioral changes were hypothesized to result from these neural changes: (1) no changes in behavioral output, (2) reduced levels of operant responding and reduced locomotor output that would be reflective of the loss in dopaminergic function, (3) enhanced operant responding and elevated locomotor activity that would be reflective of adaptive changes in the development of neural circuits that contribute to motivated behaviors. Because previous work has shown decrements in dopamine tone after phthalate exposure and reduced dopamine function is associated with impeded reward-related behaviors, hypothesis 2 seemed most likely.
MATERIALS AND METHODS
Animals. Six pregnant female Long Evans rats were purchased at 13 days gestation from Charles River Laboratories (St. Constant, Qu ebec). Pregnant females were singly housed in polycarbonite 48 Â 26 Â 20 cm 3 cages. They were fed 2018 Teklad global 18%
protein rodent diet (Envigo, Lachine, Quebec, Canada) . The day the pups were born was recorded as PND0. Pups from the 6 litters (n ¼ 30 males; n ¼ 30 females) were weaned on PND22 and group-housed, with males and females in separate cages. All rats were on a 12 h light-dark cycle (lights on at 8:00 AM) with ad libitum access to food (2014 Teklad global 14% protein rodent maintenance diet) and tap water. All experiments were conducted at Carleton University and approved by the Institutional Animal Care Committee, as per guidelines established by the Canadian Council on Animal Care, similar to those of the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978) .
DEHP injections. Rats were injected i.p. with 1, 10, or 20 mg/kg DEHP (cat no. 36735; Sigma-Aldrich; Oakville, ON, Canada) or vehicle (corn oil) daily from PND16 to 22 inclusive. These doses are based on our previous work assessing neuronal microRNA levels in male and female rats exposed to DEHP during this time period (Luu et al., 2017) and results showing changes in brain lipid composition at the 10 mg/kg dose . The strongest microRNA response in females occurred in conjunction with the 10 mg/kg of DEHP dose, whereas suppression of microRNAs in males appeared to be dose-dependent. The present doses have also been considered with respect to the "no observable adverse effect levels" (NOAELs) defined as a toxin exposure rate which has no biological consequences to an organism (Faustman and Omenn, 2001) . The NOAEL for DEHP is 4.8 mg/kg/day (Blystone et al., 2010; Lyche et al., 2009) . Studies on childhood exposure estimates to DEHP place values that ranged from 0.1 mg/day up to 9.8 mg/day in the age range of 2-14 year olds Wittassek et al., 2011) . We chose the parenteral route of administration as it produces the highest bioavailability of DEHP by avoiding the first-pass effect of hepatic metabolism. This route also avoids some of the unpredictable biodistribution associated with enteral absorptive processes. Each rat was injected in the late morning (between 10:30 and 11:30 AM) and was returned to their home cage with their mother following the injection. The 1 mg/kg (n ¼ 7 males; n ¼ 7 females), 10 mg/kg (n ¼ 8 males; n ¼ 8 females), and 20 mg/kg (n ¼ 8 males; n ¼ 8 females) DEHP solutions were prepared fresh using DEHP (1000 mg/kg) and corn oil immediately before each injection. Control rats (n ¼ 7 males; n ¼ 7 females) were injected with corn oil. Treatments were counterbalanced across each litter so that from the 6 litters (n ¼ 5 males and 5 females per litter), one male and one female received one of the four treatments. For the 0 and 1 mg/kg doses, one additional male and female were selected from one litter. For the 10 and 20 mg/kg doses, the additional 2 pups were chosen from two separate litters.
Operant chambers. Six operant conditioning chambers (Coulbourn Instruments, Whitehall, PA; 30.5 cm wide, 30.5 cm high, and 25.5 cm deep) were used. Each chamber was located inside a second insulated chamber to minimize outside noise during testing. Each operant conditioning chamber was equipped with two levers (one to the right and one to the left of the food hopper). The conditioning chambers were equipped with infrared detectors for collection of locomotor activity data throughout each session. The H24-61 Ceiling Mount Activity Monitor utilizes infrared technology for rat movement. The sensor detects rats while rearing or leaning on the walls and senses movement at any elevation in the cage. Movement units (brief pulses representing the minimum resolution of detection) were chosen for collection of movement responses.
BEHAVIOURAL PROCEDURES
The rats were singly house and food restricted to 90% of their baseline weight over a period of 10 days prior to the start of operant training. Rats were weighed daily and fed approximately 8-15 g of standard rat chow depending on their daily weight. The rats also received 5 chocolate pellets per day and had ad libitum access to tap water.
Acquisition
Rats were trained for 5 days (PND55-59) to lever press for chocolate pellets on a FR2 schedule (30 min each day). Each rat was assigned a correct and incorrect lever that remained the same during all acquisition and extinction sessions. Lever assignment was counterbalanced for all doses and sexes. One chocolate pellet was placed on the correct lever prior to the start of training on each day to prime the rat to press the correct lever. Every second response (FR2 schedule) on the correct lever resulted in the delivery of a 45 mg chocolate pellet (BioServe, New Jersey). Pressing on the incorrect lever had no programmed responses. Once the correct lever had been depressed twice (FR2), the house light extinguished, the panel lights above the lever changes from red to green, and the pellet dispenser released one chocolate pellet. Rats were required to make two consecutive responses on the correct lever to receive the chocolate pellet. If a rat pressed once on the correct lever then pressed the incorrect lever, they were required to press twice on the correct lever to receive the chocolate pellet. This procedure has been used regularly by our laboratory (Davis-MacNevin et al., 2013; Holahan et al., 2012; Tuplin et al., 2015) . Presses on the correct lever (Baker et al., 2015; Varvel et al., 2002) and locomotor activity (as recorded with the H24-61 Ceiling Mount Activity Monitor) (Adriani et al., 1998; Beninger, 1989; David et al., 2004) have been shown to be sensitive to changes in dopamine function so these measures provided a behavioral index of dopamine tone. Pressing on the correct lever was indicative of learning and motivation for food reinforcement. Locomotor activity was measured to provide an index of general activity levels. Presses on the incorrect lever were also collected and analyzed as an additional measure of learning.
Extinction Seventy-two hours following the final acquisition session, rats underwent two extinction sessions (PND62-63) for 30 min each day. When the rat pressed the correct lever, the house light turned off and the lights above the lever changed from red to green, but no food reward was given. Pressing on the incorrect lever produced no responses. The levers that were assigned as correct and incorrect for each rat during acquisition remained the same for extinction. This extinction session has been shown to be sensitive to fluctuations in dopamine activity (Davis-MacNevin et al., 2013; Holahan et al., 2010; Tuplin et al., 2015) and so provided an additional behavioral index in the overall assessment of dopamine function . Correct presses, locomotor activity (as assessed with the ceiling-mounted infrared sensor), and incorrect lever press data were collected.
TISSUE PROCESSING
So that we could examine the long lasting, potential constitutive changes (Sharma et al., 2013) to TH staining and associated mRNA expression due to DEHP administration while minimizing the immediate impact of behavior on the molecular outcomes (Boules et al., 2007; Liang et al., 2012; Schmidt et al., 2001) , rats were euthanized on PND78 by live decapitation. Brains were extracted, hemisected, and one hemisphere was postfixed overnight in 4% paraformaldehyde in 0.01 M phosphate buffer solution. The fixed hemisphere was then cryoprotected in 30% sucrose/0.01 M PBS and stored at 4 C. The hemisphere was sectioned into 60 lm coronal sections using a Leica CM1900 cryostat (Weztler, Germany). Sections were stored in a 0.1% sodium azide solution in 0.01 M PBS at 4˚C until staining. The other hemisphere was flash frozen in liquid nitrogen and stored at À80 C. The midbrain containing the SNc and VTA regions were dissected out in one piece of tissue on ice and stored in tubes immersed in liquid nitrogen. These centrifuge tubes were stored at À80 C until processing.
Tyrosine Hydroxylase Immunohistochemical Staining
Sections through the SNc and VTA were stained for tyrosine hydroxylase (TH). The intensity of TH-immunoreactivity was used as an index of the biosynthetic activity of dopamine, because TH is the rate-limiting enzyme in catecholamine biosynthesis. Sections were washed 3 times in T-PBS for 5 min per wash then incubated in 0.3% hydrogen peroxide/T-PBS for 30 min to remove endogenous peroxidase activity. Sections were washed 3 more times in T-PBS for 5 min per wash, transferred into 1Â animal-free blocker (AFB; Vector) in T-PBS for 60 min then incubated overnight at room temperature in mouse monoclonal anti-TH primary antibody (1:1000; Immunostar, Hudson, WI) in 1Â AFB/T-PBS. The following day, tissue was washed 3 times in T-PBS for 5 min per wash then incubated for 2 h with a biotinylated goat anti-mouse secondary antibody (1:500; Vector Laboratories) in 1Â AFB/T-TBS. Sections were washed 3 times for 5 min each wash in T-PBS then incubated in an avidin biotin complex (ABC; Vector Laboratories) in T-PBS for 1 h. Sections were rinsed three times in TBS for 5 min each and staining was visualized with a nickel-ammonium enhanced 0.5%, 3, 3 0 -diaminobenzene (DAB;
Sigma-Aldrich) solution. Sections were washed in TBS for 5 min then mounted onto glass slides. Mounted sections were counterstained with cresyl violet (CV) the following day.
TH Immunohistochemical Quantification
Images of the SNc and VTA were captured at 4Â magnification (see Figure 1A ) using an Olympus UCMAD3 camera and an Olympus BX51 microscope. Three coronal sections from approximately 5.20 to 6.00 mm posterior to bregma that contained the SNc and VTA were sampled from each rat (see Figure 1B for corresponding atlas images modified from Paxinos and Watson as described by Morales and Margolis [2017] ). The optical fractionator method (Bonthius et al., 2004; Miller et al., 2014; Selemon and Begovic, 2007; West et al., 1991) was used to estimate the total number of TH-positive and CV positive neurons in these brain regions (see Figure 1A for differentiation between CV-stained glia and neurons [Giannaris and Rosene, 2012; Kadar et al., 2009; Lidow and Song, 2001 ] and image of THþ neuron). The SNc and VTA were outlined separately ( Figure 1B ) using the tracing function in the Stereo Investigator software at 4Â magnification. Counting parameters were set to a counting frame of 60 Â 60 lm, a grid size of 100 Â 100, and a dissector depth of 15 lm centered between top and bottom guard zones. THpositive (see Figure 1A for example) and CV-positive ( Figure 1A for example) neurons were counted at 60Â magnification (oil immersion) when the top of the cell body of a stained neuron was in focus within the counting frame and the dissector depth. An experimenter who was blind to group assignment carried out all analyses. Analyses were conducted using the estimate of total neurons by number weighted section thickness as it provided a more accurate reflection of the total number of neurons.
Final quantification values were represented as the total number of neurons per 10 000 lm 2 to adjust for slight variations between rats.
RNA Extraction
The midbrain containing the SNc and VTA regions that was flash frozen (not sectioned) was used for RNA analyses. Total RNA extraction was performed using TRIzol reagent (Invitrogen, Carlsbad, CA). Frozen brain samples were homogenized with a PowerGen 125 (Fisher Scientific) in 1 ml of TRIzol reagent, followed by the addition of 200 ll of chloroform, for every 50 mg of tissue. Samples were vigorously shaken by hand and allowed to incubate at room temperature for 5 min before centrifugation at 10 000 Â g for 15 min at 4 C. The aqueous phases were combined with 500 ll isopropanol, shaken vigorously, and rested at room temperature for 15 min to facilitate RNA precipitation. Samples were centrifuged at 12 000 Â g for 15 min at 4 C, and RNA pellets washed with 1 ml 70% ethanol. RNA pellets were briefly air dried and suspended in 50 ll RNase-free water. The quality of RNA was assessed by the appearance of two sharp bands representing 28S and 18S ribosomal RNA bands on a 1% agarose gel stained with SybrGreen dye. Purity was further assessed using a 260/280 nm ratio, and concentrations of RNA samples were standardized using a Take3 apparatus (BioTek, Winooski, VT).
cDNA Synthesis
Complementary DNA (cDNA) was synthesized from the RNA samples described above. In each reaction, 1 mg of RNA was combined with 1 ml of 200 ng/ml oligo-dT (5 0 -TTTTT TTTTTTTTTTTTTTTTTV-3 0 ; where V ¼ A, G, or C; Integrated DNA Technologies) in a total volume of 10 ml autoclaved water. These samples were incubated at 65 C in an Eppendorf thermocycler for 5 min and then placed on ice to hybridize the oligodTs with poly-A-tail of messenger RNA transcripts. Then, 4 ml of 5Â first strand buffer, 2 ml of 0.1 M DTT, 1 ml of 10 mM dNTPs, and 1 ml MMLV reverse transcriptase enzyme (Invitrogen) were added into each sample, and cDNA synthesis was induced by incubating samples at 42 C for 60 min in a thermocycler.
Primer Design
To design primers for relative quantification of specific genes in rat cDNA samples, the sequences of genes corresponding to the Rattus norvegicus genome were obtained on the NCBI database (www.ncbi.nlm.nih.gov). Sequences of rat gene transcripts were obtained for Gapdh, Th, Pitx3, Nurr1, Bad, Bax, Bcl-2, and Casp-3 (see Supplementary Data Table 1 for specific forward and reverse sequences) After accessing the mRNA sequence for the genes of interest, NCBI Primer-BLAST (http://www.ncbi.nlm.nih. gov/tools/primer-blast/; last accessed October 31, 2017) was used to produce potential primers which would not amplify with any other region of the R. norvegicus genome. To identify the most ideal primer pairs out of those produced from NCBI Primer-BLAST, IDT OligoAnalyzer (http://www.idtdna.com/analyzer/applications/oligoanalyzer; last accessed October 31, 2017) was used to analyze physical properties, homo-, and heterozygous dimerization.
RT-qPCR
Gene targets were relatively quantified using a BioRad CFX96 Connect System (BioRad, Hercules, CA). Reagents were prepared for quantitative reverse transcription polymerase chain reaction (RT-qPCR) as described previously (Pellissier et al., 2006) . Each reaction contained 2 ml of 10Â core buffer (100 mM Tris-HCl, pH 8.5, 500 mM KCl, 1.5% Triton X-100, 20 mM MgCl 2 , 2 mM dNTPs, and 100 nM fluorescein), 6 ml of 2 M trehalose (BioShop, Canada), 0.5 ml of 100% formamide (BioShop, Canada), 0.1 ml of a 1/100 SYBR green (Invitrogen) dilution in DMSO (BioShop, Canada), 1 ml (1U) of Taq polymerase (BioShop, Canada), and primers (Integrated DNA Technologies, 250 nM each for the final concentration), and autoclaved water to 20 ml. To perform RT-qPCR, samples were incubated at 95 C for 3 min, followed by 50 cycles of 95 C for 10 s, 57 C for 20 s, and 72 C for 20 s.
Serial dilutions of pooled cDNA samples were used to run standard curves of the primer sets in order to assess their specificity and efficiency. Every RT-qPCR reaction was analyzed with a melt curve analysis to ensure that the reaction was not amplifying multiple unspecific products. Primers that failed to properly amplify the template cDNA were not used for quantification.
STATISTICAL ANALYSES

Operant Conditioning
Correct lever presses and locomotor activity during acquisition were analyzed using two-way ANOVAs, with dose (0, 1, 10, and 20 mg/kg DEHP) as the between groups factor and training days (1-5) as the repeated factor. Data from males and females were analyzed separately. These analyses allowed for post-hoc tests (Tukey's) to be carried out on main effects of dose within a sex. Correct lever presses and locomotor activity during the two extinction sessions were analyzed with two-way ANOVAs using dose (0, 1, 10, and 20 mg/kg DEHP) as the between groups factor and extinction days (1-2) as the repeated factor. Extinction data from each sex were assessed separately. Tukey's post-hoc tests were used to compare any main effects of dose within a sex.
The behavioral acquisition data were also analyzed with multivariate fixed factor analyses using sex and dose as fixed factors and total correct presses, total incorrect presses, percent correct presses (correct/total presses), or locomotor activity over the 5 days of acquisition as the dependent variables. This allowed for comparisons between the sexes as well as Tukey's post-hoc tests on any main effect of DEHP dose. Total correct presses, incorrect presses, percent correct, and total locomotor activity over the 2 days of extinction were analyzed similarly with sex and dose as fixed factors and total correct presses, incorrect presses, percent correct presses (correct/total presses), or locomotor activity over the 2 days of extinction as the dependent variables. Tukey's post-hoc tests were used to analyze main effects of dose.
Immunohistochemistry Number of THþ and CV cells were estimated in the SNc and VTA for males and females treated with the different doses of DEHP (0, 1, 10, or 20 mg/kg). The ratio of the estimated number of THþ neurons to the estimated number of CV neurons (TH: CV) was also calculated and analyzed to account for individual variation between rats in each condition. Data were analyzed with multivariate, fixed factor ANOVAs using sex and dose as fixed factors. One-way ANOVAs were used to compare the effect of dose within each sex and Tukey's post-hoc tests were used for individual comparisons of each DEHP dose within each sex.
Gene Expression
Gene quantification was performed with the CFX Manager software (BioRad, Hercules, CA). All the expression of all genes studied (Th, Pitx3, Nurr1, Bad, Bax, Bcl-2, Casp-3) were normalized against one reference gene (Gapdh). All quantifications account for the primer efficiencies of every gene. Gene expression values were expressed as mean 6 SEM (where n ¼ 3-4 independent biological replicates for every experimental condition). Data were analyzed with multivariate, fixed factor ANOVAs using sex and dose as fixed factors. One-way ANOVAs were used to compare the effect of dose within each sex and Tukey's post-hoc tests were used for individual comparisons of each DEHP dose within each sex.
RESULTS
Behavioral Acquisition: correct presses. As can be seen in Figure 2A , male rats showed an overall trend to increase their bar pressing over the 5 days as confirmed by a main effect of day (F(4, 12) ¼ 32.49, p < .001). A difference between the doses in male correct presses also was apparent ( Figure 2A ) and confirmed with a main effect of dose (F(3, 26) ¼ 4.23, p < .02). The interaction between the two factors did not reach statistical significance (F(12, 104) ¼ 1.71, p ¼ .075). Tukey's post-hoc analyses on the main effect of dose revealed that the 10 mg/kg group showed significantly more correct lever presses than the 1 (p < .01) and 20 mg/kg (p < .05) DEHP doses but not the vehicle group (p ¼ .052). No other doses differed statistically.
The female correct presses acquisition data are shown in Figure 2B . Similar to the males, female rats showed an overall trend to increase their bar pressing over the 5 days as confirmed by the main effect of day (F(4, 12) ¼ 37.88, p < .001). A difference between the doses in female correct presses was visible ( Figure 2B ) but the main effect of dose was not significant (F(3, 26) ¼ 1.98, p ¼ .14). The interaction between the two factors was also not significant (F(12, 104) < 1.0). Due to the non-significant dose effect, no post-hoc analyses are reported.
Acquisition: locomotor activity. Analysis of locomotor activity in males ( Figure 2C ) revealed main effects of day (F(4, 12) ¼ 7.49, p < .001) and dose (F(3, 26) ¼ 4.18, p < .02) but no interaction (F(12, 104) < 1.0). Tukey's post-hoc analyses on the main effect of dose revealed that the 20 mg/kg group showed significantly more activity than the 0 (p < .05) and 1 mg/kg (p < .01) DEHP groups but not the 10 mg/kg group (p ¼ .31). No other groups differed statistically.
The female locomotor activity data during acquisition are shown in Figure 2D . Analyses revealed main effects of day (F(4, 12) ¼ 7.19, p < .001) and dose (F(3, 26) ¼ 3.65, p < .05) but the interaction between the two factors was not significant (F(12, 104) < 1.0). Tukey's post-hoc analyses on the main effect of dose revealed that the 10 mg/kg group showed significantly more activity than the 0 mg/kg group (p < .05). Analyses also revealed that the 20 mg/kg group showed more activity than the 0 (p < .02) and 1 mg/kg (p < .05) DEHP groups. Extinction: correct presses. As can be seen in Figure 2A , male rats showed an overall trend to decrease their bar pressing over the 2 extinction days as confirmed by the main effect of day (F(1, 3) ¼ 34.11, p < .001). There was no main effect of dose (F(3, 26) < 1.0) and no interaction (F(3, 26) < 1.0).
The female extinction data are shown in Figure 2B . Similar to the males, female rats showed an overall trend to decrease their bar pressing over the 2 extinction days as confirmed by the main effect of day (F(1, 3) ¼ 19.84, p < .001). A difference between the doses in female extinction presses was also apparent ( Figure 2B ) and confirmed statistically by a main effect of dose (F(3, 26) ¼ 4.71, p < .01). The interaction between the two factors did not reach statistical significance (F(3, 26) ¼ 2.52, p ¼ .08). Tukey's post-hoc analyses on the main effect of dose revealed that the 10 mg/kg group showed significantly more bar presses than all other groups (p < .05). No other groups differed statistically.
Extinction: locomotor activity. Analysis of locomotor activity in males ( Figure 2C ) revealed a main effect of day (F(1, 3) ¼ 24.21, p < .001) but no main effect of dose (F(3, 26) < 1.0) nor a significant interaction (F(3, 26) ¼ 2.68, p ¼ .068).
The female locomotor activity data during extinction are shown in Figure 2D . Analyses revealed main effects of day (F(1, 3) ¼ 6.64, p < .02) and dose (F(3, 26) ¼ 3.80, p < .05) but the interaction between the two factors was not significant (F(3, 26) < 1.0). Tukey's post-hoc analyses on the main effect of dose revealed that the 10 and 20 mg/kg groups showed significantly more activity than the 0 mg/kg group (p < .05).
Sex comparisons: acquisition presses. To provide a direct comparison between the sexes on the effect of DEHP treatment, total correct presses over the 5-day acquisition were summed for each dose of DEHP within each sex and analyzed with a multivariate fixed factor analysis using sex and dose as the fixed factors. Figure 3A illustrates this analysis for correct presses and shows a main effect of dose (F(3, 3) ¼ 6.05, p < .01) but no main effect of sex (F(1, 3) ¼ 1.25, p ¼ .27) and no interaction (F(3, 52) < 1.0). Tukey's post-hoc test on the main effect of dose revealed that treatment with the 10 mg/kg dose resulted in more presses than treatment with all other doses (p < .02) regardless of sex. D) . A, Male rats showed an overall trend to increase their bar pressing over the 5 days of acquisition (***, p < .001). The 10 mg/kg group showed significantly more correct lever presses than the 1 mg/kg (þþ, p < .01) and 20 mg/kg (þ, p < .05) DEHP doses. During extinction (A), male rats showed an overall trend to decrease their bar pressing (***, p < .001) but there were no group differences. B, Female rats showed an overall increase in their bar pressing over the 5 days of acquisition (***, p < .001) with no differences between doses. During extinction (B), the 10 mg/kg female group showed more bar presses than all other groups (þ, p < .05).
C, Analysis of locomotor activity data in males revealed more activity in the 20 mg/kg group then the 0 mg/kg (þ, p < .05) and 1 mg/kg (þþ, p < .01) DEHP groups. There were no differences in locomotor activity between any of the DEHP male groups during extinction (C). D, In the female groups, the 10 mg/kg group showed more activity during acquisition than the 0 mg/kg group (þ, p < .05) and the 20 mg/kg group showed more activity than the 0 and 1 mg/kg (@, p < .05) DEHP groups. During extinction (D), the 10 and 20 mg/kg groups showed significantly more activity than the 0 mg/kg group (þ, p < .05).
Sex comparisons: extinction presses. To directly compare the effect of DEHP treatment between the sexes on total correct presses over the 2 days of extinction, correct presses were summed for each dose of DEHP within each sex and analyzed with a multivariate fixed factor analysis using sex and dose as the fixed factors ( Figure 3B ). Analysis revealed a main effect of dose (F(3, 3) ¼ 4.00, p < .02) but no main effect of sex (F(1, 3) < 1.0) and no interaction (F(3, 52) ¼ 1.20, p ¼ .32). Tukey's post-hoc test on the main effect of dose revealed that treatment with the 10 mg/kg dose resulted in more presses than treatment with all other doses (p < .02) regardless of sex.
Sex comparisons: acquisition activity. A similar analysis applied to the locomotor activity during acquisition ( Figure 3C ) revealed a main effect of dose (F(3, 3) ¼ 7.38, p < .001) but no main effect of sex (F(1, 3) ¼ 1.95, p ¼ .17) and no interaction (F(3, 52) < 1.0). Tukey's post-hoc test on the main effect of dose revealed that treatment with the 20 mg/kg dose resulted in more activity than treatment with 0 or 1 mg/kg (p < .01) regardless of sex.
Sex comparisons: extinction activity. A similar analysis applied to the locomotor activity during extinction ( Figure 3D ) revealed a main effect of dose (F(3, 3) ¼ 3.75, p < .02) but no main effect of sex (F(1, 3) < 1.0) and no interaction (F(3, 52) < 1.0). Tukey's posthoc test on the main effect of dose revealed that treatment with the 10 or 20 mg/kg dose resulted in more activity than treatment with 0 mg/kg (p < .02) dose regardless of sex.
Sex comparisons: acquisition incorrect presses. A similar analysis applied to the incorrect presses during acquisition ( Figure 4A ) did not reveal any main effect of dose (F(3, 3) ¼ 2.68, p ¼ .056) nor a main effect of sex (F(1, 3) < 1.0) and no interaction (F(3, 52) < 1.0).
Sex comparisons: extinction incorrect presses. A similar analysis applied to the incorrect presses during extinction ( Figure 4B ) did not reveal any main effect of dose (F(3, 3) < 1.0) nor a main effect of sex (F(1, 3) < 1.0) and no interaction (F(3, 52) < 1.0).
Sex comparisons: acquisition percent correct presses. A similar analysis examined the percent of correct bar presses made (correct presses/correct þ incorrect presses) during acquisition ( Figure 4C ). This analysis did not reveal a main effect of dose (F(3, 3) ¼ 2.73, p ¼ .053), no main effect of sex (F(1, 3) < 1.0) and no interaction (F(3, 52) < 1.0). To provide a direct comparison between the sexes on the effect of DEHP treatment, total correct presses over the 5-day acquisition or over the 2 days of extinction were summed for each dose of DEHP within each sex and analyzed. For correct presses during acquisition (A), there was no effect of sex, but the 10 mg/kg dose resulted in more presses than treatment with all other doses (*, p < .05). Analysis revealed similar outcomes for extinction presses (B) with no sex effect but the dose effect revealed that treatment with the 10 mg/kg dose resulted in more presses than treatment with all other doses (*, p < .05) regardless of sex. A similar analysis applied to the locomotor activity during acquisition (C) revealed no effect of sex but the dose effect showed that treatment with the 20 mg/kg dose resulted in more activity than treatment with 0 or 1 mg/kg (**, p < .01) regardless of sex. Activity levels during extinction (D) did not show a sex effect but the 10 and 20 mg/kg doses resulted in more activity than treatment with 0 mg/kg (*, p < .05).
Sex comparisons: extinction percent correct presses. A similar analysis examined the percent of correct bar presses made (correct presses/correct þ incorrect presses) during acquisition ( Figure 4D ). This analysis did not reveal a main effect of dose (F(3, 3) ¼ 1.12, p ¼ .348), no main effect of sex (F(1, 3) ¼ 1.96, p ¼ .17) and no interaction (F(3, 52) < 1.0). Figure 5 shows representative images of TH and CV staining in the SNc in both males and females treated with vehicle, 1, 10, or 20 mg/kg DEHP. There did not appear to be any obvious qualitative differences between the sexes or doses in histological patterns. For quantification, number of THþ ( Figure 6A ) and CV ( Figure 6B ) cells were estimated in the SNc for males and females treated with the different doses of DEHP. The ratio of the estimated number of THþ neurons to the estimated number of CV neurons (TH: CV; Figure 6C ) was also calculated and analyzed.
Immunohistochemistry
Substantia nigra pars compacta (SNc).
For THþ cell numbers in the SNc ( Figure 6A ), there was a main effect of DEHP dose (F(3, 3) ¼ 10.87, p < .001) but no main effect of sex (F(1, 3) ¼ 0.48) and no interaction between dose and sex (F(3, 52) ¼ 1.69). Within the males, there was a main effect of DEHP dose (F(3, 26) ¼ 9.13, p < .001) with the 10 and 20 mg/kg doses resulting in fewer THþ cells in the SNc than vehicle (p < .01). The main effect of dose within the females did not reach statistical significance (F(3, 26) ¼ 2.79, p ¼ .06) and Tukey's revealed no differences in THþ cells between vehicle and any dose. There were also no significant differences between males and females at any dose.
For CV-stained cells in the SNc (Figure 6B ), there was a main effect of DEHP dose (F(3, 3) ¼ 5.10, p < .01) but no main effect of sex (F(1, 3) ¼ 1.75) and no interaction between dose and sex (F(3, 52) ¼ 1.10). Within the males, there was a main effect of DEHP dose (F(3, 26) ¼ 3.47, p < .05) with the 1 mg/kg dose resulting in more CV-stained cells in the SNc than vehicle (p < .05). The main effect of dose within the females did not reach statistical significance (F(3, 26) ¼ 2.76, p ¼ .06) and Tukey's revealed no differences in CV-stained cells between vehicle and any dose. There were no significant differences between males and females at any dose.
For the TH: CV ratio ( Figure 6C ) in the SNc, there was a main effect of DEHP dose (F(3, 3) ¼ 9.36, p < .001) but no main effect of sex (F(1, 3) ¼ 0.63) and no interaction between dose and sex (F(3, 52) ¼ 1.14). Within the males, there was a main effect of DEHP dose (F(3, 26) ¼ 6.79, p < .01) with the 10 and 20 mg/kg doses resulting in a lower TH: CV ratio in the SNc than vehicle (p < .01). The main effect of dose within the females was also significant (F(3, 26) ¼ 2.98, p < .05) and Tukey's revealed that the 20 mg/kg dose resulted in a lower TH: CV ratio in the SNc than vehicle (p < .05). There were no significant differences between males and females at any dose. Figure 7 shows representative images of TH and CV staining in the VTA in males and females treated with vehicle, 1, 10, or 20 mg/kg DEHP. There did not appear to be any obvious qualitative differences between the sexes or doses in histological patterns. For quantification, number of THþ ( Figure 8A ) and CV ( Figure 8B ) cells were estimated in the VTA. The ratio of the estimated number of THþ neurons to the estimated number of CV neurons (TH: CV; Figure 8C ) was also calculated and analyzed.
Ventral tegmental area (VTA).
For THþ cell numbers in the VTA (Figure 8A ), there was a main effect of DEHP dose (F(3, 3) ¼ 3.30, p < .05) and a significant interaction between sex and dose (F(3, 52) ¼ 6.98, p < .01) but no main effect of sex (F(1, 3) ¼ 2.13). Within the males, there was a main effect of DEHP dose (F(3, 26) ¼ 9.52, p < .001) with the 10 (p < .01) and 20 (p < .05) mg/kg doses resulting in fewer THþ cells in the VTA than vehicle. The main effect of dose within females was not significant (F(3, 26) ¼ 1.89) and Tukey's revealed no differences in THþ cells between vehicle and any dose. In the vehicle groups, males showed more THþ cells than females (p < .05).
For CV-stained cells in the VTA (Figure 8B ), there was an interaction between dose and sex (F(3, 52) ¼ 3.41, p < .05) but no main effect of DEHP dose (F(3, 3) ¼ 0.61) and no main effect of sex (F(1, 3) ¼ 2.09). Within the males, there was a main effect of DEHP dose (F(3, 26) ¼ 3.67, p < .05) with the 1 mg/kg dose resulting in more CV-stained cells in the VTA than vehicle (p < .01). The main effect of dose within the females was not significant (F(3, 26) ¼ 0.87) and Tukey's revealed no differences in CVstained cells between vehicle and any dose. In the vehicle groups, males showed fewer CV-stained cells than females (p < .01).
For the TH: CV ratio ( Figure 8C ) in the VTA, there was a significant interaction between dose and sex (F(3, 52) ¼ 10.44, p < .001), a main effect of sex (F(1, 3) ¼ 5.34, p < .05) but no main effect of dose (F(3, 3) ¼ 1.96). Within the males, there was a main effect of DEHP dose (F(3, 26) ¼ 9.03, p < .001) with the 10 and 20 mg/kg doses resulting in a lower TH: CV ratio in the VTA than vehicle (p < .01). The main effect of dose within the females was also significant (F(3, 26) ¼ 3.43, p < .05) and Tukey's revealed that the 10 mg/kg dose resulted in a higher TH: CV ratio in the VTA than vehicle (p < .05). In the vehicle groups, males showed a higher TH: CV ratio than females (p < .01).
Correlations between TH and behavioral outcomes. Pearson correlation analyses run on the behavioral measures (total presses during acquisition, total presses during extinction, total locomotor activity during acquisition, and total locomotor activity during extinction) and indices of TH staining in the VTA and SNc (both sexes included) revealed significant correlations between TH staining in the SNc and locomotor activity during acquisition (r ¼ À0.325, p < .02) and TH staining in the SN and locomotor activity during extinction (r ¼ À0.409, p < .01). No other correlations between any behavioral measure and TH staining were significant.
Gene Expression
Tyrosine hydroxylase transcript levels. To characterize the effect of DEHP on Th gene expression in male and female SNc/VTA regions, primers were designed to amplify Th and Gapdh mRNA. Analysis revealed main effects of sex (F(1, 3) ¼ 16.98, p < .001) and DEHP dose (F(3, 3) ¼ 4.96, p < .01) as well as a sex by dose interaction (F(3, 21) ¼ 3.53, p < .05; Figure 9A ). Tukey's post-hoc tests on the main effect of dose revealed that the 10 and 20 mg/kg DEHP doses were associated with elevated levels of Th mRNA expression compared with the vehicle control (p < .05). One-way ANOVA using DEHP dose as the factor within the males did not reveal a main effect of dose (F(3, 9) ¼ 2.17). A similar analysis applied to the females revealed a main effect of dose (F(3, 12) ¼ 7.56, p < .01) and Tukey's post-hoc tests revealed that all DEHP doses were associated with elevated Th gene expression levels in the females compared with the control group (p < .01; Figure 9A ).
Transcriptional regulators of Th. To better understand the effect of DEHP on Th mRNA expression following DEHP treatment, levels of two transcription factors, Pitx3 and Nurr1, were measured and normalized against a reference gene (Gapdh). These transcription factors have been shown to contribute to the development of dopaminergic neurons in the SNc and VTA (Li et al. 2009; Luk et al. 2013; Luo 2012; Saucedo-Cardenas et al. 1998 ). Furthermore, they are known to bind to the promoter region of the Th gene and facilitate mRNA expression (Kim et al. 2003; Lebel et al. 2001; Maxwell et al. 2005) .
Analysis of Pitx3 levels did not reveal a main effect of sex (F(1, 3) ¼ 3.99, p ¼ .06) but did reveal a main effect of DEHP dose (F(3, 3) ¼ 4.97, p < .01) and a sex by dose interaction (F(3, 21) ¼ 3.82, p < .05; Figure 9B ). Tukey's post-hoc tests on the main effect of dose revealed that the 10 mg/kg DEHP dose was associated with elevated levels of Pitx3 mRNA expression compared with the vehicle control and the 1 mg/kg dose (p < .01). One-way ANOVA using DEHP dose as the factor within males revealed a main effect of dose (F(3, 10) ¼ 5.27, p < .05) with the 10 mg/kg DEHP dose associated with higher Pitx3 mRNA levels than the vehicle and 1 mg/kg doses (p < .05). A similar analysis applied to the females revealed a main effect of dose (F(3, 9) ¼ 4.70, p < .01) and post-hoc tests revealed that all DEHP doses were associated A, For THþ cell numbers in the SNc, within the males, the 10 and 20 mg/kg doses resulting in fewer THþ cells than vehicle (**, p < .01). This dose effect was not seen in the females. B, For CV-stained cells, 1 mg/kg dose was associated with more CV-stained cells than vehicle (*, p < .05) in the males. There were no differences in the female staining patterns. There were also no significant differences between males and females at any dose. C, The 10 and 20 mg/kg doses in males resulted in a lower TH: CV ratio than vehicle (**, p < .01) while in females, the 20 mg/kg dose resulted in a lower TH: CV ratio than vehicle (*, p < .05). There were no significant differences between males and females at any dose.
with elevated Pitx3 gene expression levels in the females compared with the control group (p < .05; Figure 9B ).
Analysis of Nurr1 levels did not reveal any main effects of sex (F(1, 3) < 1.0), DEHP dose (F(3, 3) ¼ 2.63, p ¼ .08) nor sex by dose interaction (F(3, 21) ¼ 2.57, p ¼ .08; Figure 9C ). One-way ANOVA using DEHP dose as the factor within males did not reveal a main effect of dose (F(3, 9) < 1.0). A similar analysis applied to the females revealed a main effect of dose (F(3, 12) ¼ 4.65, p < .05) and post-hoc tests revealed that the 20 mg/kg DEHP dose was associated with elevated Nurr1 gene expression compared with the control and 1 mg/kg groups (p < .05; Figure 9C ).
DEHP-induced differential expression of proteins regulating apoptosis.
The expression of four genes involved in the regulation of apoptosis were measured in the males and females exposed to DEHP. The gene expression levels of Bad, Bax, Bcl-2, and Casp-3 were measured and normalized against Gapdh (Figs. 10A-D) .
None of the DEHP doses tested resulted in statistically significant changes in mRNA levels of these genes.
DISCUSSION
Previous work from our laboratory found that male, but not female, rats exposed to 10 mg/kg DEHP (PND16-22) showed reduced axonal innervation and reduced total cell density in the CA3 hippocampal region . Male, but not female, rats also had reduced spine density in CA3 pyramidal neurons and a decrease in brain-derived neurotrophic factor (BDNF) mRNA expression (Smith and Holahan, 2014) . However, DEHP exposure (10 mg/kg) in females, but not males, resulted in heightened levels of the phospholipids phosphatidylcholine and sphingomyelin . Lastly, a recent study revealed that miRNAs involved in hippocampal development A, For THþ cell numbers, the 10 (**, p < .01) and 20 (*, p < .05) mg/kg doses resulting in fewer THþ cells than vehicle in males. The main effect of dose within females was not significant. In the vehicle groups, males showed more THþ cells than females (#, p < .05). B, The 1 mg/kg dose was associated with more CVstained cells than vehicle in males (*, p < .01). The main effect of dose within the females was not significant. In the vehicle groups, males showed fewer CVstained cells than females (##, p < .01). C, Within the males, the 10 and 20 mg/kg doses were associated with a lower TH: CV ratio than vehicle (**, p < .01). In females, the 10 mg/kg was associated with a higher TH: CV ratio than vehicle (*, p < .05). In the vehicle groups, males showed a higher TH: CV ratio than females (##, p < .01). For Th expression, females showed overall more Th mRNA than males (**, p < .01) and the main effect of dose (**, p < .01) revealed that all DEHP doses were associated with elevated Th gene expression levels in females compared with the vehicle group (**, p < .01). B, Analysis of Pitx3 levels revealed a main effect of DEHP dose (**, p < .01) with the 10 mg/kg DEHP dose associated with higher Pitx3 mRNA levels than vehicle and 1 mg/kg doses (**, p < .01). In females, all DEHP doses were associated with elevated Pitx3 gene expression levels compared with the control group (*, p < .05). C, The 20 mg/kg DEHP dose was associated with elevated Nurr1 gene expression compared with vehicle and 1 mg/kg female groups (*, p < .05).
increased in response to DEHP exposure in females, whereas levels were found to decrease in males (Luu et al., 2017) . Overall, males appeared to be more negatively impacted by preadolescent DEHP exposure than females and in the female brain, there appeared to be a protective response in the form of increased phospholipid levels and miRNAs.
Because the dopaminergic pathways show a protracted developmental time course that spans this juvenile period (Choong and Shen, 2004; Kalsbeek et al., 1988; Tepper et al., 1990; Voorn et al., 1988; Wang and Pitts, 1994) , we hypothesized that exposure to DEHP from PND16 to 22 would interfere with the normal developmental time course of dopaminergic system more so in males than females. Our results are consistent with in vitro (Chen et al., 2011) and in vivo (Ishido et al., 2004; Tanida et al., 2009; Wang et al., 2016) studies showing that exposure to phthalates has a detrimental impact on the dopaminergic system. In our study, males showed reductions in THþ cells in the VTA and SNc associated with elevated reward-related responding at 10 mg/kg DEHP and increased locomotor activity at 20 mg/kg DEHP. Females showed elevated THþ cells in the VTA at 10 mg/kg and reduced THþ cells in the SNc at 20 mg/kg associated with elevated bar pressing (10 mg/kg) and increased locomotion (10 and 20 mg/kg).
Behavioral Measures and Operant Task
In examining total correct lever presses during acquisition, without taking into account sex, the 10 mg/kg dose was associated with more total correct bar presses ( Figure 3A) . In both males and females, the 20 mg/kg dose was associated with elevated locomotor activity ( Figure 3C) . In other papers, we have found that elevated activity measured during the operant task occurs in conjunction with elevated bar pressing on the correct lever (Holahan et al., 2010 , 2012 , Tuplin et al., 2015 . The present work, on the other hand, revealed that the 10 mg/kg dose increased pressing on the correct lever in the absence of a concurrent elevation in locomotor activity. This suggests that the 10 mg/kg dose altered neural circuits associated with rewardrelated behaviors. On the other hand, the 20 mg/kg dose had more general effects on activity as assessed by activity counts and presses on the incorrect lever ( Figure 4A ). While it would be useful to assess locomotor activity separately from the goaldirected behaviors, the simultaneous measurement provides an indication as to whether goal-directed behaviors are in large part due to nonspecific activity changes or changes in underlying reward circuitry.
Female Operant Responding and Reward Circuitry
With respect to the apparent sex-specific effects of DEHP on underlying neural circuitry associated with goal-directed behaviors, females showed elevated THþ cell staining in the VTA associated with increased correct lever pressing. Females also showed increased TH and pixt3 mRNA expression. DEHPassociated reductions in THþ cell body density may be associated with perturbations in dopamine levels in the terminal projection areas (accumbens, frontal cortex, striatum) which would impact food-based operants. A historical link has been Figure 10 . DEHP effects on apoptotic markers. Expression of four genes involved in the regulation of apoptosis were measured in males and females exposed to DEHP.
Gene expression levels of (A) Bcl-2-associated death promoter (Bad), (B) Bcl-2 associated X, apoptosis regulator (Bax), (C) B-cell CLL/lymphoma 2 bcl-2, and (D) caspase 3 (Casp-3) were not changed by any DEHP dose tested.
established between dopamine projections from the midbrain (VTA) to the nucleus accumbens and reward-based behaviors (Wise, 1978) . Dopaminergic cell bodies show elevated excitatory responses with presentation of food and food-associated cues (Hyland et al., 2002; Nishino et al., 1987; Schultz, 1998; Sharf et al., 2005) and over time, these responses reflect a learned association between cues and the occurrence of reward (Roitman et al., 2004; Steinberg et al., 2013) . Midbrain dopaminergic cell body responses appear to alter the excitability of nucleus accumbens neurons (Floresco et al., 2001; Horvitz, 2002; O'Donnell, 2003) as well as orbitofrontal cortex neurons (Cetin et al., 2004) that might contribute to the initiation and execution of movements required for procurement of reward (Adamantidis et al., 2011; Ilango et al., 2014; Nishino et al., 1987) . In females, the 10 mg/kg DEHP dose was associated with elevated Th activity and elevated motivated behavior suggesting that DEHP exposure in females may result in changes to dopaminergic reward circuitry and result in increased motivation to engage in reward-related behaviors. To more fully assess whether females show maladaptive changes in dopaminergic tone associated with increased reward-related behaviors, progressive ratio schedules of reinforcement could be employed.
Male Operant Responding and Reward Circuitry
In males, elevated reward-related behavioral output was associated with the 10 mg/kg DEHP doses but in this case, there was a reduction in the number of THþ neurons in the VTA. In males, there was a slight elevation in Th and Pixt3 mRNA levels associated with the 10 mg/kg dose which may account for some increased dopamine synthesis in the remaining projections to the nucleus accumbens, but this would unlikely be a main cause of the elevated reward-related responding. This points to the conclusion that DEHP may lead to elevated reward-related behaviors by a process that involves circuits beyond the dopaminergic system in males.
The dysregulation of hypothalamic circuits by juvenile DEHP exposure might be an important factor contributing to the elevated reward-related behavioral output in males. A loss of THþ neurons in the VTA could result in a moderate tonic loss of excitability to the nucleus accumbens or dorsal striatum (Tritsch and Sabatini, 2012) potentially leading to an overall inhibitory state in these neurons. Injection of the GABA-A agonist, muscimol, into the nucleus accumbens results in robust feeding responses (Stratford and Kelley, 1997) as well as enhanced reward-related behavioral responding (Covelo et al., 2012; Stratford and Wirtshafter, 2012; Wirtshafter and Stratford, 2010) . Because inhibition of accumbens output neurons stimulates activity in the lateral hypothalamus (Stratford and Kelley, 1999) , juvenile exposure to DEHP, by reducing THþ staining in the VTA might stimulate reward-related behavioral output indirectly via the lateral hypothalamus by producing an inhibitory tone on accumbens output neurons.
In other studies, early life exposure to physiological stressors, such as high fat diet, leads to long-lasting changes in dopamine-mediated behavioral responses to food reward (Naef et al., 2011; Sharma et al., 2013) . It is interesting to note that in these two studies, removal of high fat diet after early life exposure heightened the propensity to seek palatable foods by increasing food-motivated behavior; a finding similar to our findings with early life exposure to DEHP. In these cases, it appears that lasting changes in THþ neuronal density and Th mRNA activity in reward (VTA) and motor (SNc) circuitry may promote reward seeking behaviors. A question that remains is that while clearly, dopamine plays an important role in reward signaling, this role is supplemented by several other transmitter systems including the opioids (Corrigall et al., 2000) , GABA (Shoaib et al., 1998) , serotonin (Fletcher et al., 2004; ValenciaTorres et al., 2017) , and acetylcholine (Wickham et al., 2015) . It would be important to determine how these other neurotransmitter systems might be altered by juvenile DEHP treatment.
SNc and Locomotor Activity
In both males and females, exposure to 20 mg/kg DEHP reduced THþ staining in the SNc. At this same dose, there was an increase in locomotor activity in both sexes and THþ staining in the SNc was correlated with locomotor activity. When damage to the SNc occurs, there can be long-term changes in the target regions it innervates. The loss of dopaminergic input to the striatum may result in a loss of excitatory and inhibitory control of GABAergic medium spiny neurons accompanied by imbalanced D1 and D2 receptor modulation. Shortly following damage to the SNc, a reduction in D2 receptor density has been noted resulting in reduced D2-mediated inhibition (Hisahara and Shimohama, 2011; Mehler-Wex et al., 2006) . As activity at the D1 receptors becomes more prominent, medium spiny neurons show an increase in activity (Galvan and Wichmann, 2008; Hisahara and Shimohama, 2011) . These changes in D1/D2 receptor balance imparted by the damage to the SNc would result in changes to overall activity levels. Further work is clearly needed on the changes that occur to the striatal terminal areas after exposure to DEHP.
Transcriptional Regulation of Th mRNA
The genes Pitx3 and Nurr1 code for transcription factors involved in regulating the expression of the Th gene through binding to its promoter (Cazorla et al., 2008; Kim et al., 2003; Lebel et al., 2001; Maxwell et al., 2005) . The Pitx3 transcription factor is present in all dopaminergic neurons of the SNc and VTA and is important for proper dopamine neuron phenotype (Li et al., 2009; Luk et al., 2013) . Activity of Pitx3 is required for progenitor cells in the midbrain to transition into TH-positive neurons and a deficiency in Pitx3 is associated with a loss of Th gene expression (Maxwell et al., 2005) . Pitx3-null mice show reduced THþ neurons in the SNc while overexpression of Pitx3 in embryonic stem cells promotes the generation of midbrain-specific THþ neurons (Maxwell et al., 2005) . Pitx3 has been shown to not only be important in development, but also in the context of adults. Indeed, homozygous Pitx3 mutant mice have decreased THpositive neurons in the SNc, as compared with wild-type and heterozygous Pitx3 mutants (Maxwell et al., 2005) . Furthermore, this decrease in THþ cells appeared to be more severe in adults than in embryonic development (Maxwell et al., 2005) . The Nurr1 transcription factor is also present in THþ neurons and is responsible for regulating the expression of many dopaminergic phenotype markers (Luo, 2012; Saucedo-Cardenas et al., 1998) . In the present study, compared with vehicle treatment, all doses of DEHP were associated with elevated Th expression and elevated Pitx3 expression in female rats while this association was seen in males only at the 10 mg/kg dose. This activation of Pitx3 transcription and increased Th mRNA expression may underscore either a protective mechanism in response to DEHP treatment during THþ cell loss or a reactive mechanism to compensate for reduced THþ neurons leading to enhanced reward-related behavioral output.
DEHP Mechanisms of Action
Phthalates are classified as endocrine-disrupting compounds so the changes in THþ neurons may be due to altered hormonal signaling during development. In males, phthalates might alter neurodevelopment by impacting steroidogenesis (Scott et al., 2009) decreasing testosterone production and interfering with androgen receptor (AR) function impairing neurodevelopment (Foster, 2006) . Male rats aged 21-35 days exposed to 200 mg/kg DEHP for 14 days showed a 77% decrease in the activity of the steroidogenic enzyme 17b-hydroxysteroid dehydrogenase and reduced Leydig cell testosterone production to 50% of the control levels (Akingbemi et al., 2001 (Akingbemi et al., , 2004 . DEHP exposure in rats that began on PND21 (0, 250, 500, or 750 mg/kg/day for 30 days) caused reductions in the weight of testosterone dependent organs (testis, seminal vesicles, epididymis), as well as serum levels of testosterone in a dose-dependent manner (Botelho et al., 2009) . While it is plausible that DEHP exposure in the current study could reduce THþ density via disruptions in testosterone production, the doses of DEHP used in previous studies are significantly greater than the doses used in the present study. Low DEHP doses can affect male neurobehavioral function without affecting testosterone levels (Dombret et al., 2017) .
The effect of DEHP on lipid composition may be another outcome that would result in alterations in THþ staining in males and females. Lipids in general (but especially essential fatty acids [EFAs] ) are critically involved in guiding development. DEHP exposure had a bi-phasic effect on serum cholesterol levels whereby concentrations were substantially reduced by 250 mg/kg/day of DEHP (Botelho et al., 2009) . Treatment with 10 mg/kg DEHP between PND16 and 22 led to elevated levels of phosphatidylcholine and sphingomyelin in the hippocampus of female rats . There was no effect of DEHP exposure on the overall abundance of phosphatidylcholine or sphingomyelin in male rats, or of lysophosphatidylcholine in male or female rats . This work suggests the possibility that a potential mechanism of DEHP actions are via changes in lipid composition which would, in males, (1) disrupt hormonal production and actions and (2) disrupt cell structure and lead to reduced neural cell densities . In females, elevated lipid levels, along with elevations THþ neurons and Th mRNA may reflect a reactive response leading to neuroprotection or a maladaptive outcome.
There is a distinct challenge in determining a mechanism of action for DEHP that is common in both males and females. In response to DEHP exposure, we previously reported 19 microRNAs that increased in females and 52 that decreased in males (Luu et al., 2017) . The strongest microRNA response in females occurred in conjunction with the 10 mg/kg of DEHP dose, whereas suppression of microRNAs in males appeared to be dose-dependent. Select microRNAs (such as miR-132-3p and miR-191-5p), previously shown to regulate dendrite morphology, were modulated by DEHP exposure (Luu et al., 2017) . This suggests that DEHP exposure regulates microRNAs in a sexspecific manner which may alter proper neurodevelopment. Further work to characterize these molecular outcomes after DEHP exposure will be critical in understanding the sex-specific differential actions of these toxins.
CONCLUSION
The need to better understand how developmental exposure to toxins negatively impacts neurobehavioral function over the lifespan is imperative. Public concern over the detrimental effects of endocrine-disrupting chemicals (EDCs) on brain development is mounting (Polanska et al., 2014; Swan et al., 2010; Whyatt et al., 2012) . EDCs, such as phthalates, have been linked to several neuropsychiatric conditions, including autism (Testa et al., 2012) , ADHD (Kim et al., 2009) , and learning disabilities (Cho et al., 2010) , all of which have shown an alarming increase in prevalence and all of which show higher prevalence in males than females. The current study suggests that developmental exposure to DEHP can affect THþ neurons in the midbrain with an impact on reward-motivated behaviors and activity. Additional studies are needed in order to fully elucidate the effects of DEHP on SNc and VTA neurons as well as the rippling out effect on terminal regions such as the nucleus accumbens and frontal cortex. Future studies could also be directed at addressing the effects of DEHP exposure during various phases of development (pre-versus post-adolescence) on sex-specific neurobehavioral outcomes.
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